Abstract -With the consideration of line resistances in a dc microgrid, the current sharing accuracy is lowered down, since the dc output voltage cannot be exactly the same for different interfacing converters. Meanwhile, the dc bus voltage deviation is involved by using droop control. In this paper, a distributed secondary control method is proposed. Droop control is employed as the primary control method for load current sharing. Meanwhile, the dc output voltage and current in each module is transferred to the others by the low bandwidth communication (LBC) network. Average voltage and current controllers are used locally as the distributed secondary controllers in each converter to enhance the current sharing accuracy and restore the dc bus voltage simultaneously. All the controllers are realized locally and the LBC system is only used for changing the data of dc voltage and current. Thus, a decentralized control diagram is accomplished and the requirement of distributed configuration in a microgrid is satisfied. The experimental validation based on a 2×2.2 kW prototype was implemented to demonstrate the proposed approach.
I. INTRODUCTION
In order to integrate different kinds of renewable energy sources and electrify the remote area, the concept of microgrid was proposed several years ago [1] . Since the utility power system relies on ac form, most literatures on this topic are focusing on ac microgrid [2] [3] [4] [5] [6] . However, various sustainable energy sources and loads have natural dc coupling, e.g. photovoltaic (PV) modules, batteries, LEDs and so on. It is more efficient to connect them directly and form a dc microgrid by using dc-dc converters without the ac-dc or dc-ac transformation. Therefore, the overall system efficiency can be enhanced. Meanwhile, in dc microgrids, there is no reactive power and harmonics, so higher power quality can be obtained compared to ac systems [7] [8] [9] [10] [11] . Hence, there is a growing awareness and concern on dc microgrids nowadays.
Since renewable energy sources are decentralized connected to the common bus in a microgrid, their interfacing converters are connected in parallel. Power electronics interfacing converter control is a key issue in the operation of a microgrid, especially for the load power sharing between different modules [12] [13] [14] [15] . Various control methods were proposed to reach proper power sharing in a parallel converter system, e.g. master-slave control, circular-current-chain (3C) control, etc [16] [17] . In order to satisfy the requirement of distributed configuration, droop control without communication or with low bandwidth communication (LBC) is commonly accepted as an efficient power sharing method in a microgrid [18] .
In a droop-controlled microgrid, the power sharing method is realized by linearly reducing the voltage reference as the output power increases [18] . Although droop control is widely employed as a decentralized method for load power sharing, its limitation should be noticed. Considering the line impedance, the output power sharing accuracy is lowered down. In an ac microgrid, if the inverters are connected to the point of common coupling (PCC) through inductive line impedance, P-f and Q-E droop control methods are employed. The active power sharing accuracy can be guaranteed since it is based on the frequency of ac output voltage and the frequencies are the same throughout the microgrid. However, the reactive power sharing accuracy may be lowered down since it is based on the amplitude of output voltage and the amplitudes in the ac side are not exactly the same because of different line impedances [19] [20] [21] [22] . Similar analysis can be obtained if the interfacing inverters are connected to the PCC through resistive line impedance and P-E and Q-f droop methods are used. To enhance the reactive power sharing accuracy in the microgrid with inductive line impedance, several methods were proposed. The concept of virtual impedance was proposed in [19] to match the unequal line impedance. Literature [20] presented a compensation method by using the remote voltage signal and employing an integrator term in the conventional Q-V droop control. In literature [21] , the voltage amplitude in Q-V droop control was replaced by V i , which representing the time rate of the change of the voltage magnitude. In [22] , the voltage drop across the impedance was estimated in the grid-connected operation in order to reach the modified slope in the Q-V droop control.
In a dc microgrid, the output voltage of each interfacing converter is also affected by different line resistances. Therefore, since droop control is accomplished by the linear relationship between dc output voltage and current, the load sharing accuracy is lowered down if the line resistance is taken into account. Meanwhile, except for the problem of current sharing accuracy, since droop control is realized by reducing the dc output voltage reference, the voltage deviation is involved. A centralized secondary controller was proposed in [18] to eliminate the voltage deviation. However, if there is a failure in the additional centralized controller, the function of voltage restoration cannot be achieved. Literature [23] presented a control scheme based on the average value of the dc output current in each of the converters. This method is useful for restore the dc bus voltage, while the effect of the enhancement of current sharing accuracy was not obvious enough. This is because that only the average value of each dc output current was considered, while the dc output current was not individually controlled.
In this paper, a LBC based distributed secondary control method is proposed for dc microgrid applications. Particularly, the load power sharing is reached by using droop control in the primary control level. Meanwhile, a hybrid control diagram with average dc current and average dc voltage controllers is employed locally in each converter module in order to enhance the current sharing accuracy and restore the local dc bus voltage simultaneously. Each dc output current is individually controlled in the decentralized controller, so the current sharing accuracy is significantly improved. The LBC system is only used for transferring the dc voltage and current, and all the calculations and controllers are realized locally. Therefore, the control system is suitable for the distributed configuration in a microgrid and the reliability of the system is improved. It can be demonstrated that the proposed control diagram is viable for different communication delays. At the same time, exact proportional load current sharing can be achieved with different line resistances. The detailed model of the proposed control diagram is derived and the system stability is thereby analyzed. The 2×2.2 kW prototype based on dSPACE 1103 was implemented to validate the proposed approach.
II. PROPOSED DISTRIBUTED SECONDARY CONTROL In the distributed secondary control method, the enhancement of current sharing accuracy and the restoration of local dc bus voltage are realized simultaneously. The LBC system is used for transferring the dc voltage and current in different converters. The comparison of frequently used power sharing method in parallel converter system is shown in Table I , where the advantages of the proposed method can be seen clearly.
The detailed configuration of the proposed method is shown in Fig. 1 . The output voltage and current in the dc side of each converter are transferred to the other converters by using LBC network. Then, average voltage and average current controllers are employed in each local control system. For the average voltage controller, the control reference is v dc * , so the output voltage of each converter can be restored. Meanwhile, for the average current controller, the reference value is i dci /k i (i = 1, 2), where k i is the current sharing proportion. Hence, proportional output current sharing can be achieved. All the calculation and controllers are achieved locally. The stability of the proposed control method is shown as follows. By analyzing the circuit in Fig. 2 , it is obtained that 
The detailed model of the control diagram for analyzing the system stability is shown in Fig. 3 In order to ensure the proportional sharing of the dc load current, the target of current sharing is set to
where k 1 and k 2 represent the current sharing proportion of each converter. Fig. 3 . Model of the control diagram for analyzing the system stability. It is obtained from Fig. 3 
where dci ( = 1, 2) v i is the average value of dc output voltage, dci ( = 1, 2) i i is the average value of dc output current, which are shown as 
where τ is the communication delay. At the same time, in (6) and (7), G lpf is the low-pass filter (LPF) in the droop control, which is expressed as 
where ω c is the cutting frequency.
Combining (1) - (11), it yields that Take the control diagram in Converter #1 as an example. The stability of the control system can be tested by analyzing the location of dominant closed-loop poles of (14), with the consideration of different communication delays and line resistances. The system parameters are listed in Table II. With different communication delay, the closed-loop dominant poles of (14) are shown in Fig. 4 . It is seen that the communication delay affects six dominant poles of the control system. As the communication delay τ increases, all of the above poles move towards the imaginary axis. Among different traces of the above dominant poles, Trace I, II, III, and IV are finally terminated at the Point P 1 , P 2 , P 3 and P 4 , respectively. Trace V and VI are gradually extended to the imaginary axis, which challenges the system stability. However, even though τ is as large as 0.3 s, the six dominant poles are located on the left half of the plane. Hence, the stability of the LBC based control system can be guaranteed.
With different line resistances, the closed-loop dominant poles are shown in Fig. 5 . Here, the value of R line1 is fixed, while the value of R line2 changes in order to test the stability of the control system in different conditions. The line resistance R line1 is set to 1 Ω and the range of R line2 varies from 1/6 Ω to 6 Ω. Therefore, the situations of R line1 ≥ R line2 and R line1 < R line2 are taken into account. It is seen from Fig.  5 that the line resistance affects two dominant poles of the control system. As R line2 increases, the two dominant poles move towards the imaginary axis, while the traces are finally terminated at the points of P 1 and P 2 . Therefore, the system stability can be ensured with different line resistances.
IV. EXPERIMENTAL VALIDATION A 2×2.2 kW prototype with two parallel converters is implemented in order to validate the proposed control system. The system parameters are the same as those shown in Table II . The dc output voltage and current waveforms are exhibited to the performance of the control system. With the proposed method, the dc voltage deviation caused by droop control can be eliminated and the dc output current sharing accuracy can be enhanced at the same time. Meanwhile, the effect of different communication delays and line resistances are taken into account.
A. Effect of different communication delays
Since the proposed control system is implemented based on LBC, different communication delays are tested. The communication delays are selected to 20 ms and 1 s, respectively. The corresponding dc output voltage and current waveforms are shown in Fig. 6 and Fig. 7 . Here, R line2 is set to 4 Ω and the load current is equally shared.
It is fount from Fig. 6 that with the proposed method, the dc voltage is restored to its reference value and the current sharing accuracy is enhanced when the distributed secondary control turns active. When the communication delay is set to 20 ms, the overshoot and oscillation of the dc output waveforms are acceptable. When the delay is selected as large as 1 s, the control system becomes instable. As shown in Fig. 7 , the higher oscillation is found in the dc output voltage waveform, which exceeds the acceptable operation range. Hence, it is concluded that with higher communication delay, it is much harder to keep the control system stable. However, even though the delay is selected as the same as the line period, the output performance is still acceptable. As a result, the viability of the LBC based control diagram is validated. 
B. Effect of different line resistances
In order to further demonstrate the applicability of the control system, different line resistances are tested. Here, R line1 is fixed to 1 Ω and R line2 is set to 4 Ω and 8 Ω, respectively. The corresponding dc output voltage and current waveforms are shown in Fig. 8 and Fig. 9 . Here, equal current sharing is selected as the target of load sharing in the two-node dc microgrid. It is seen that with different line resistances the proposed control system is still valid for dc voltage restoration and current sharing accuracy enhancement.
V. CONCLUSION
In this paper, a distributed secondary control method with the function of the current sharing accuracy enhancement for dc microgrids is proposed. Particularly, additional average voltage and average current controllers are employed in order to enhance the load current sharing accuracy and restore the local dc output voltage. All the controllers are achieved locally and the required dc voltage and current are transferred to each other through the LBC network. Hence, decentralized control system is realized, which meets the distributed configuration of microgrids. The model of the proposed control system is reached and its stability is thereby discussed. It is demonstrated that even though the communication delay is equal to the several line periods, the stability of the control system can be also guaranteed. At the same time, the viability of the proposed control diagram is ensured with different line resistances. The steady state performance is also carried out in order to derive the quantitative error assessment of the proposed method. The proposed approach is verified by experimental results from a 2×2.2 kW prototype with dSPACE 1103.
